Pressure wave reflection plays a pivotal role in the augmentation of systolic blood pressure. In the present study, the association between reflection of pressure wave and structural and functional alteration, including blood flow, in the common carotid artery was investigated in 70 hospitalized essential hypertensive patients. The reflection of pressure was estimated by the "augmentation index" of the carotid arterial pressure waveform.
T here are major changes in the cardiovascular system associated with aging, including increased stiffness of arteries, which in turn increases pulse pressure. 1 Stiffness of the arterial vasculature results in an increase of transmission velocity of both the forward and reflection pressure waves. [2] [3] [4] [5] Increase of wave velocity shifts the arrival of the backward-traveling reflection pressure wave from diastole to late systole, producing a "late-peaking" pressure wave. 2, 3 This augmentation of the reflection component of pressure results in an increase in systolic blood pressure and pulse pressure. 2, 3, 6 The reflection component of the pressure wave can be noninvasively estimated from the carotid pressure wave form. 2, 3 The shape of the arterial pulse is determined by both the pattern of ventricular contraction and the properties of the arterial system and arterioles. 2, 3, 6 The "augmentation index" on the carotid arterial contour indicates the proportion of reflection of the pressure wave, [2] [3] [4] and has been shown to be related to several pathological conditions. [7] [8] [9] [10] [11] The relationship between the carotid pressure wave contour and carotid arterial morphological change has also been investigated in normotensive patients 10 as well as essential hypertensive patients.
In our previous study, we demonstrated that diastolic carotid flow showed a significant negative correlation with the stiffness of the carotid artery, 12 suggesting the alteration of carotid blood flow is associated with the reflection of pressure. Blood flow can also be influenced by the reflection itself. 2, 3 The flow wave contour has been shown to change in response to early return of the reflection of the flow wave. 6, 13 To elucidate the effect of the pressure wave reflection on the local circulation, we evaluated the relationship between the reflection of arterial pressure and the structural and functional alteration including blood flow parameters of the common carotid artery in essential hypertensive patients.
SUBJECTS AND METHODS
Subjects Seventy hypertensive patients, recruited from consecutive patients who were admitted to the Ehime University Hospital, Japan, from March 1997 to May 1998, for the evaluation of hypertension, participated in this study. Hypertension was defined as systolic blood pressure Ն 140 mm Hg or diastolic blood pressure Ն 90 mm Hg without medication in the outpatient clinic on at least two separate determinations. Secondary hypertension was ruled out by routine examinations. Patients with congestive heart failure, previous myocardial infarction, or a history of symptomatic cerebrovascular accident were excluded from the study. Informed consent to the procedure was obtained from each patient. Patients received a diet containing 7 g (120 mmol) NaCl per day. All medications were discontinued upon admission. Patients had either never been treated or had been free from medication for at least one week at the time of study. All procedures were approved by the ethical committee of Ehime University Hospital. Informed consent to the procedure was obtained from each patient.
On the day of the examination, after resting for 10 minutes in the supine position, brachial blood pressure was measured by a sphygmomanometer with the cuff placed around the right arm before evaluation of the carotid pressure wave contour and carotid ultrasound examination. Brachial systolic blood pressure (SBP) was obtained at Korotokoff phase I and brachial diastolic blood pressure (DBP) at Korotokoff phase V.
Carotid Arterial Pressure Wave Measurement
The arterial wave reflections were measured noninvasively. Transcutaneous recordings of the pulse pressure wave were performed at the right common carotid artery (CCA) with a strain gauge transducer (TF-601T; Nihon Koden Co., Tokyo, Japan), using a preamplifier (AK-650M, Nihon Koden). The wave form was recorded with a paper speed of 100 mm/sec.
The aortic or central artery pulse pressure waveform in humans has an inflection point; that is, a shoulder ( Figure 1 ). The height above the shoulder of the late systolic peak (⌬P) is taken to be the result of the reflected wave returning from peripheral sites. 2, 14 The height of pulse pressure and the height above the shoulder of the late systolic peak was measured according to Murgo's method ( Figure 1 ). 14 The ratio of the shoulder, defined as carotid augmentation index (CAI), is an estimate of the effect of wave reflection. 2, 3 In the case of the shoulder being placed after the peak; that is, delayed return of the reflection wave, CAI has a negative value.
Carotid Artery Ultrasonography and Doppler Measurement
The carotid arteries were evaluated with an SSD-2000 (Aloka Co., Ltd.) using a 7.5 MHz probe equipped with a Doppler system, as described previously. 12 With the patient's neck in slight hyperextension, we evaluated the CCA, carotid bulb, and extracranial internal and external carotid arteries on both sides under optimal visualization. From multiple approaches, we detected the presence of discrete areas of atherosclerosis, or plaques, which we defined as the presence of wall thickening at least 50% greater than the thickness of the adjacent wall. 15 Intima-media thickness (IMT) was measured from multiple approaches (anteroposterior, posteroanterior, and lateral) at the far wall 2 cm below the CCA bifurcation in the bilateral carotid arteries, and averaged to obtain mean IMT. In the case of the presence of plaque, the adjacent area was evaluated. Hemodynamically significant luminal stenosis (Ն 50%) was not detected in any participants.
A two dimensionally guided M-mode tracing was obtained of the right CCA, 2 cm proximal to the ca- rotid bifurcation in the anteroposterior projection. Sites with plaque were avoided in the following evaluation. M-mode tracings were obtained with simultaneous electrocardiogram and phonocardiogram and digitized in real time with a frame-grabber. Because there is a time delay between the cardiac cycle and pulsatile movement of the carotid artery, end diastolic and end systolic times of the carotid artery were determined as the time of termination of diastolic and systolic cervical blood flow, respectively. 12 Internal diameter of the artery at end diastole and end systole (Dd and Ds, respectively) were determined by continuous tracing of the intimal luminal interface of the near and far walls of CCA in several cycles and averaged. Carotid arterial stiffness was calculated by two methods. The cross-sectional distensibility coefficient (CSDC) of CCA and carotid arterial stiffness index (␤) were determined using the formulas:
Doppler evaluation was performed on the right CCA at the same site. The carotid artery was scanned in the anteroposterior projection. Under guidance with color flow mapping, the sample volume was placed in the middle of the arterial cavity. Flow velocity-time integrals of the systolic and diastolic phase were computed automatically by electronic integration of the instantaneous flow velocity curves to obtain systolic and diastolic mean velocity (Vs and Vd). To evaluate the hemodynamics in CCA, the ratio of diastolic/systolic flow velocity (Vd/Vs) was obtained. This standardized index eliminates the effect of variation of the projection angle.
Determination of Left Ventricular Mass Index
Echocardiographic studies were carried out using an SSD-9000 echocardiography with a 3.5 MHz transducer (Aloka Inc., Tokyo, Japan) according to the recommendation of the American Society of Echocardiography. 16, 17 Recordings were made at a paper speed of 100 mm/sec. Left ventricular mass was estimated using the formula from Devereux and Reichek ('Penn' convention) 18 : LV mass (g) ϭ 1.04[(LVDd ϩ IVST ϩ PWT) 3 Ϫ LVDd 3 ] Ϫ 13.6, and was divided by the body surface area to obtain LVMI.
Statistical Analysis
Pearson's correlation coefficient was used to test the association. Stepwise regression analysis was applied to evaluate the determinant factors of the carotid augmentation index; P Ͻ .05 was defined as significant.
RESULTS
Demographic data of the participants are summarized in Table 1 . Nineteen patients had never been treated before the study. Other patients had been treated with one or two of the following antihypertensive agents: diuretic, ␤-blocker, calcium channel blocker, angiotensin converting enzyme inhibitor, or ␣1-blocker. Table 2 summarizes the correlation coefficients between CAI and structural and functional parameters of the common carotid artery. CAI showed a significant positive correlation with age and negative correlation with body height. Reflection significantly related to atherosclerosis and lower distensibility of common carotid artery. Reflection showed a significant positive correlation with LVMI. Figure 2 illustrates carotid arterial waveform and blood flow waves from patients with three different ages. Age-related augmentation of reflection of pressure is associated with a relative decrease in diastolic blood flow velocity. CAI showed a significant negative correlation with carotid diastolic velocity, whereas it had no correlation with systolic flow velocity ( Table  2) . The relationship between CAI and the ratio of Vd/Vs is summarized in Figure 3 . There was a significant negative correlation between CAI and relative diastolic velocity.
To evaluate parameters to predict CAI, stepwise regression analysis was performed on age, body height, systolic blood pressure, IMT, and LVMI (Table  3) . It revealed that age and LVMI were independent parameters to predict CAI.
DISCUSSION
The reflection of pressure waves has been shown to play a pivotal role in several pathological conditions. [7] [8] [9] [10] [11] In the present study, we demonstrated that CAI was associated with attenuation of relative diastolic blood flow in the common carotid artery. The relationship between the reflection and the flow wave has been the focus of investigation.
2, 3 Murgo et al 6 demonstrated that pulsatile pressure and flow wave forms were similar in shape in the absence of reflection and dissimilar in the presence of reflection. Return of the pressure wave from either direction results in augmentation of the pressure. On the other hand, the effect of reflection of flow waves is different depending on the direction. It has been shown that reflection from the lower body accelerates forward flow in the brachiocephalic artery. 13, 19 The reflection from the lower body increases the diastolic flow, however earlier return of the wave results in the attenuation of diastolic flow following the incisura in the brachiocephalic artery. 13, 19 Although patterns of pressure are virtually identical in the proximal part of aortic branches to head, neck, and upper limbs, the patterns of flows are quite different. 3 Accordingly, mechanisms of the alteration of diastolic flow might be different between brachiocephalic and carotid arteries. However, the finding in the present study that the reflection of arterial pressure, early return of pressure waves, was associated with low diastolic blood flow may indicate early return of the flow from the lower part of the body failed to augment the diastolic flow.
In normotensive patients, Saba et al 10 found that the shapes of central pressure waveforms significantly related to LVMI but not to carotid arterial structure and physical properties. Recently, Tice et al 11 demonstrated that hypertensive patients with increased IMT had a higher prevalence of a late-peaking carotid pressure waveform. In the present study, we also observed a significant correlation between CAI and IMT as well as the presence and number of plaques. speculated that augmentation of systolic blood pressure by earlier return of the reflection wave may promote atherosclerosis. Because low blood flow velocity is associated with lower shear stress, 20 our finding of low diastolic blood flow velocity associated with reflection may indicate lower shear stress, which could promote atherosclerosis. 20 Reflection showed a significant positive relationship with age. Hypertension in the elderly is characterized by a disproportional increase of systolic blood pressure as a consequence of the combination of increases in both arterial stiffness and wave reflection. 21 In our previous study, we estimated aortic arterial pressure component. 22 It revealed that more than 20% of central systolic arterial pressure was due to the reflection in patients with age Ն 70. 22 It may be worthwhile to elucidate which component of arterial pressure is related to the alteration of blood pressure regulation frequently observed in elderly hypertensive patients.
23,24
Short stature is associated with early reflection of the pressure wave. 4, 25, 26 It has also been demonstrated that short stature causes less peripheral amplification of systolic blood pressure. 25 These findings indicate that short individuals have higher central arterial pressure if the level of peripheral arterial pressure is the same. It has also been shown that short stature is associated with a higher heart rate. 26 In the present study, we observed that body height was negatively associated with age (r ϭ 0.34, P Ͻ .004). Short stature may account for a part of the underlying mechanisms of the age-dependent augmentation of reflection of blood pressure.
In the present study, measurement was performed at least one week after the cessation of drug administration. However, we could not rule out the possibility of drug effects on our findings. Another limitation of the study design was that we used brachial blood pressure to calculate the carotid distensibility and stiffness index. Because carotid pressure-especially systolic carotid pressure-is not identical to brachial pressure, 25 the values in the present study might be overestimated. However, because the differences between carotid and brachial pulse pressure decrease with age and with increasing augmentation, 7, 26 this change would increase the relationship between the carotid arterial stiffness and augmentation index.
In summary, we observed an age-related augmentation of the reflection of carotid pressure in essential hypertensive patients. The reflection of carotid pressure was significantly related to structural and functional alterations of the common carotid artery, including a relative reduction of diastolic blood flow in essential hypertensive patients.
